Gibberellins (GAs) regulate many aspects of plant development such as germination, growth, and flowering. The barley Amy32b α-amylase promoter contains at least five cisacting elements that govern its GA-induced expression. Our previous studies indicates that a barley WRKY gene, HvWRKY38 and its rice ortholog, OsWRKY71, blocks GA induced expression of Amy32b-GUS. In this work, we investigated the functional and physical interactions of HvWRKY38 with another repressor and two activators in barley. 
INTRODUCTION
Gibberellins (GAs) control many plant developmental processes, such as germination, growth, and flowering (Olszewski et al., 2002; Sun and Gubler, 2004) . During germination of cereal grains, GA is secreted from embryos into aleurone cells to promote the expression of hydrolytic enzymes, such as α-amylases, which degrade stored starches within the endosperm for seed germination and post-germination growth (Ritchie and Gilroy, 1998; Lovegrove and Hooley, 2000) .
The GA signal is perceived by receptors, such as GID1 (gibberellin insensitive dwarf 1) in rice and AtGID1a, AtGID1b, and AtGID1c in Arabidopsis (Ueguchi-Tanaka et al., 2005; Nakajima et al., 2006) . The activated GID1 binds to the negative regulator, such as the DELLA protein RGA, triggering the degradation of this DELLA protein by the 26S proteasomes (Itoh et al., 2003; Sun and Gubler, 2004; Griffiths et al., 2006; Nakajima et al., 2006) . Recent studies revealed that DELLA proteins modulate GA signaling by establishing GA homeostasis via feedback regulation of GA biosynthetic gene and GA receptors, and by promoting the expression of downstream negative regulatory proteins in GA signaling (Zentella et al., 2007) . Studies of constitutive activated GA signaling mutants reveal that Arabidopsis SPY and its barley ortholog HvSPY encode a Ser/Thr O-linked N-acetylglucosamine (O-GlcNAc) transferase (OCT), which is a repressor of GA signaling (Jacobsen et al., 1996; Robertson et al., 1998) . SPY increases the activity of DELLA proteins such as Arabidopsis RGA and rice SLR1, probably by attaching a GlcNAc moiety to the Ser/Thr residues of a targeted protein (Robertson, 2004; Shimada et al., 2006; Silverstone et al., 2007) . SPY also physically interacts with two transcriptional repressors of α-amylase expression in aleurone cells (Robertson, 2004) . Studies of unresponsive GA signaling mutants have identified positive regulators in GA signaling such as Arabidopsis SLY1 and PICKLE (Ogas et al., 1997; Steber et al., 1998) . The SLY1 encodes an F-box protein, a component of the SCF (SLY1) E3 ubiquitin ligase that targets the DELLA protein for degradation (McGinnis et al., 2003; Griffiths et al., 2006) . The PKL gene encodes a CHD3 chromatin-remodeling factor, which negatively regulates embryo-specific gene transcription (Henderson et al., 2004) . It is also known that the activation of G-proteins (Hooley, 1998) and enhancement of cytoplasmic cGMP (Penson et al., 1996) and Ca 2+ concentrations (Gilroy and Jones, 1992) follow GA treatment, although it is not entirely clear how they are linked to upstream and downstream events.
Several types of cis-acting elements for the GA response of high-pI and low-pI α-amylase genes have been defined (Skriver et al., 1991; Gubler and Jacobsen, 1992; Lanahan et al., 1992; Rogers and Rogers, 1992; Rogers et al., 1994; Tanida et al., 1994) .
These motifs interact with various transcription factors controlling seed germination. In the low-pI α-amylase promoter, Amy32b, five elements, namely O2S/W-box, pyrimidine (Pyr) box, GA response element (GARE), amylase box (Amy), and down-stream amylase element (DAE), are essential for a high level of GA-induced expression (Lanahan et al., 1992; Rogers and Rogers, 1992; Rogers et al., 1994; Gómez-Cadenas et al., 2001) . Each of these elements may be bound by one or more transcription factor(s) of R2R3MYB, R1MYB, DOF, and zinc-finger protein families (Gubler et al., 1995; Raventós et al., 1998; Diaz et al., 2002; Isabel-LaMoneda et al., 2003; Washio, 2003; Mare et al., 2004; Peng et al., 2004; Zhang et al., 2004; Rubio-Somoza et al., 2006; Xie et al., 2006;  To examine the subcellular localization of the HvWRKY38 protein, the HvWRKY38 gene was fused in frame to the 3' end of a green fluorescent protein (GFP) gene that is driven by the constitutive maize Ubiquitin (UBI) promoter. The UBI-GFP control or UBI-GFP:HvWRKY38 plasmid was introduced into barley aleurone cells by particle bombardment, and the GFP fluorescence was visualized with confocal microscopy. In the control, GFP fluorescence was observed throughout the cells (Fig. 3A A putative LZ motif from residues Leu-63 to Leu-91 was identified in this Nterminal fragment. To determine whether this putative LZ motif is involved in proteinprotein interaction, a double mutant construct was created in which were changed to arginine and histidine residues, respectively. The LZ motif mutation of Figure 3B , panel VIII),
indicating that HvWRKY38 interacts with HvBPBF in the nuclei of aleurone cells.
HvWRKY38 Interferes with the Binding of HvGAMYB to the Amy32b Promoter
HvGAMYB is a positive regulator mediating the pathway between GA and α-amylase in aleurone cells (Gubler et al., 1995) . We showed previously that OsWRKY71
(the putative rice ortholog of HvWRKY38) functionally interferes with the activity of OsGAMYB (Xie et al., 2006) . HvWRKY38 behaved similarly as OsWRKY71 in its functional interaction with GAMYB (Supplemental Fig. 1 Here, we showed that the GST-HvWRKY38 complex was shifted higher than that of GST-HvGAMYB although the size of the GST-HvGAMYB protein (~ 80 KD) is bigger than that of the GST-HvWRKY38 protein (~ 60 KD) (Fig. 4B , compare Lane 3 with Lane 6). These data suggest that GST-HvWRKY38 binds to DNA as a dimer while GSTHvGAMYB binds as a monomer. However, the mobility of protein-DNA complex in the gel-retardation assay depends on both the size and the charge of a protein. HvWRKY38 and HvGAMYB were present in the reactions, HvGAMYB binding to the Amy32b promoter was inhibited (lane 9). As HvWRKY38 binding was competed off by an excess amount of the competitor 1 which contains two W-boxes (the WRKY binding site), HvGAMYB was able to bind to the promoter (lanes 10 and 11). As expected, competitor 2, which contains GARE only (the HvGAMYB binding site), did not compete with the binding of HvWRKY38 (lanes 12 and 13). When both competitors 1 and 2 were added, the binding signals of both proteins were decreased (lanes 14 and 15).
HvWRKY38 and HvGAMYB Functionally Compete with Each Other to Regulate the Expression of Amy32b
EMSA data suggested that binding of HvWRKY38 to the W-boxes prevented
HvGAMYB from binding to the Amy32b promoter. Dosage experiments were performed to study the functional interactions of these two regulators. Varied amounts of UBIHvWRKY38 (from 0% to 100% relative to the reporter construct) were introduced into aleurone cells along with a constant amount of UBI-HvGAMYB (100%) and Amy32b-GUS (100%). The HvGAMYB induction of Amy32b was gradually suppressed by increasing amounts of UBI-HvWRKY38 (Supplemental Fig. 1B ). It also showed that 10%
of UBI-HvWRKY38 is sufficient to repress the HvGAMYB transactivating activity on the Amy32 promoter. We further performed a similar dosage experiment with a fixed amount of UBI-HvWRKY38 (10%) and Amy32b-GUS (100%), and varied amounts of UBI-HvGAMYB (from 0% to 200%). The GUS activity was gradually increased as the amount of UBI-HvGAMYB augmented in this experiment (Supplemental Fig. 1C ).
We then performed EMSA to investigate the biochemical basis of the dosage effect observed in the functional assays. Varied amounts of GST-HvWRKY38 (from 0%
to 100% relative to GST-HvGAMYB) with a fixed amount of GST-HvGAMYB (100%)
were used in the competition study. Increasing amounts of HvWRKY38 protein gradually decreased the binding of HvGAMYB to the Amy32b promoter (Fig. 5A, lanes 4, 5, 6, 7, 8, and 9) . On the other hand, increasing amounts of HvGAMYB enhanced the binding signal of HvGAMYB to the Amy32b promoter (Fig. 5B, lanes 6, 7, 8, 9, 10, and 11) .
Together, these data suggested that the relative amount of a repressor or activator binding to the Amy32b promoter determines its expression level.
Interactions of HvWRKY38, BPBF, SAD, and HvGAMYB on the Expression of

Amy32b Promoter
The five cis-acting elements involved in GA responses of Amy32b could be bound by either a transcriptional activator or a repressor of a same or related gene family. For example, we have showed that the W-boxes (O2S) is essential for the activity of Amy32b promoter (Zhang et al., 2004) . However, this element is bound by the OsWRKY71/HvWRKY38 repressor (Mare et al., 2004; Zhang et al., 2004) , and possibly by another WRKY or other zinc finger proteins that could function as an activator (Zhang et al., 2004) . Similarly, SAD (an activator) and BPBF (a repressor) can bind to the same cis-acting element, i.e. the Pyrimidine box (Mena et al., 2002; Isabel-LaMoneda et al., 2003) . The HvGAMYB transcriptional activator interacts with the third element, GARE (Gubler et al., 1995) . Here, we tested the functional interactions among HvWRKY38, BPBF, SAD, and HvGAMYB on regulating the expression of the Amy32b promoter. As expected, little expression of Amy32b-GUS was detected when HvWRKY38 and BPBF were overexpressed in the absence of GA ( 
DISCUSSION
In this work, we confirmed that HvWRKY38 repressed the GA-induced expression of Amy32b-GUS in barley aleurone cells (Fig. 1) . The role of HvWRKY38 as a transcriptional repressor in GA response was further demonstrated by the RNAi experiment (Fig. 2) . We also found that HvWRKY38 repressed the transactivating activity of HvGAMYB (Supplemental Fig. 1 ) by competing with the binding of HvGAMYB to the Amy32b α-amylase promoter (Fig. 4 and 5 ). This inhibitory effect of HvWRKY38 was overcome by the SAD and HvGAMYB activators in combination (Fig. 6 ). However, combination of WRKY38 and BPBF, which appeared to physically interact (Fig. 3) , suppressed the combined effect of SAD and HvGAMYB on inducing the Amy32b promoter in the absence of GA (Fig. 6 ).
HvWRKY38 is inducible by cold and drought treatments in barley leaves and roots (Mare et al., 2004) . It is also induced by ABA and salicylic acid, but suppressed by GA in aleurone cells (Mare et al., 2004; Xie et al., 2007) . HvWRKY38 represses GA induction of Amy32b (Fig. 1 , Xie et al., 2007) . Consistent with its function as a repressor, coexpression of a UBI-HvWRKY38 RNAi construct de-repressed the expression of the Amy32b promoter, leading to increased expression of Amy32b in the absence of GA (Fig.   2 ). The effect of UBI-HvWRKY38 RNAi was significant although it was lower than that of UBI-HvSLN1RNAi (Zentella et al., 2002 (Xu et al., 2006) . Rice WRKY24, WRKY51, and WRKY71 blocked GA induction of the Amy32b promoter (Zhang et al., 2004; Xie et al., 2006) . It will be interesting to study the function of other barley WRKY family members in GA signaling.
Mounting evidence suggest that each of the five cis-acting elements essential for HvWRKY38 interacts with the W-boxes (Fig. 6 ). An activator for this element has not been reported although RAMY, another zinc-finger protein also binds to this element (Supplemental Fig. 1 ). The repression effect of HvWRKY38 was overcome by co-expressing of two transcriptional activators, SAD and HvGAMYB. WRKY38 and BPBF together block the combined effect of SAD and HvGAMYB on inducing the Amy32b promoter in the absence of GA (Fig. 6) . Therefore, ratios of repressors to activators, and more importantly, the cooperative binding of repressors or activators to the Amy32b promoter, determine levels of Amy32b expression (Fig. 7) .
In summary, the data present in this study support the hypothesis that the GA induction of Amy32b is modulated by two protein complexes, one for activation and the other for repression. Further work is needed to isolate these endogenous complexes using 
MATERIALS AND METHODS
RNA Isolation and RT-PCR
Total RNA was isolated from barley aleurone cells with the LiCl precipitation method as described (Zhang et al., 2004) . The first-strand cDNAs were synthesized using ImProm-II reverse transcriptase in a 50-µl reaction containing 2.5 µM oligo(dT) primers, 2.5 µM random heximer, and 2.5 µg of total RNA, according to the manufacturer's instructions. Five microliters of each reaction mixture was used as a template for PCR amplification in a 25-µl mixture containing 1.5 µM MgCl 2 , 200 µM dNTPs, 5% dimethyl sulfoxide, 2.5 units of Taq DNA polymerase, and 0.4 µM primers.
Effector Construct Preparations
Three types of DNA constructs were used in the transient expression experiments:
reporter, effector and internal control. Plasmid Amy32b-GUS (Lanahan et al., 1992), (Shen et al., 1993) were used as the reporter constructs.
HVA1-GUS, and HVA22-GUS
Plasmid pAHC18 (UBI-Luciferase), which contains the luciferase reporter gene driven by the constitutive maize ubiquitin promoter (Bruce et al., 1989) , was used as an internal control construct to normalize GUS activities of the reporter construct. The full-length cDNA of HvWRKY38 and HvGAMYB was amplified from total RNA of barley aleurone cells by RT-PCR, and cloned into the AscI site of the intermediate construct containing
the UBI promoter and NOS terminator (Zhang et al., 2004) using primers P1 and P2 for preparation of UBI-HvWRKY38, and P3 and P4 for preparation of UBI-HvGAMYB (Suppl. Table 1 ). The full-length cDNA of BPBF and SAD were amplified and cloned into the AscI site of the expression vector using the following primers: P5 and P6 for preparation of UBI-BPBF, and P7 and P8 for preparation of UBI-SAD. To construct HvWRKY38 (RNAi), a 335-bp gene-specific fragment was obtained using primers P9 and P10, and cloned into BlpI and Bsu36I sites using the Symmetrical Directional Cloning method (Zhang et al., 2004) , respectively. The substitution mutants were prepared by oligonucleotide-directed mutagenesis (Kunkel et al., 1987) . Single-stranded DNA from plasmid UBI-HvWRKY38 was used as a template. Primers P11 and P12 were used to mutate the putative LZ motif.
Particle Bombardment and Transient Expression Assays
The detailed description of transient expression procedure with the barley (Hordeum vulgare) aleurone system and the particle bombardment technique have been published before (Shen et al., 1993) . Briefly, de-embryonated half-seeds of Himalaya barley were imbibed for 2.5 to 3 days, and then the pericarp and testa were removed. The DNA mixture (in a 1:1 molar ratio) of HVA1-GUS and UBI-Luciferase or Amy32b-GUS and UBI-Luciferase, along with or without an effector construct, was bombarded into barley embryoless half-seeds (four replicates per test construct). After incubation for 24 h with various treatments, GUS assays and luciferase assays were performed as previously described (Shen et al., 1996) . 
Subcellular Localization and Bimolecular Fluorescence Complementation
HvWRKY38 gene was inserted into the AscI site in UBI-GFP (Zhang et al., 2004) , (Xie et al., 2006) to generate UBI-GFP:HvWRKY38, UBI-YFP:HvWRKY38, UBI-YN:HvWRKY38, and UBI-YC:HvWRKY38. The N-terminal region of HvWRKY38 was produced by introducing a stop codon at amino acid 200, which is upstream from the WRKY domain. The rest, i.e. the C-terminal region, was amplified using P13 and P14 primers (Supplemental Table 1 
UBI-YFP, UBI-YN, and UBI-YC
Electrophoretic Mobility Shift Assays
The full-length cDNA of HvWRKY38 was cloned into the AscI site of the modified pGEX-KG (Zhang et al., 2004) to generate GST:HvWRKY38. The fusion constructs were then introduced into Escherichia coli strain Origami B DE3 (Novagen, Madison, WI, USA). The full-length cDNA of HvGAMYB were cloned into the AscI site of the modified pGEX-KG (Zhang et al., 2004) to generate GST:HvGAMYB. The fusion constructs were then introduced into E. coli BL-21 (DE3) pLysS (Novagen, Madison, WI, USA). Over-expression of the fusion proteins was induced by 1 mM isopropylthio-β-galactoside at 25 o C in 2×YT medium for 3 h. The cell suspension was passed three times through an SLM-Aminco French pressure cell press at 1,600 PSIG. The GST fusion proteins were purified using glutathione-agarose beads (Zhang et al., 2004) . HvWRKY38 specifically represses GA induction of the Amy32b alpha-amylase promoter in aleurone cells. A, Schematic diagrams of the reporter and effector constructs used in the co-bombardment experiment. B, The effector construct, UBI-HvWRKY38, was co-bombarded into barley aleurone cells along with the reporter construct, Amy32b-GUS, and the internal control construct, UBI-luciferase. The amount of reporter and internal control plasmid DNA was always constant, whereas that of effector varied with respect to the reporter as shown in the x-axis. 100% means the same amount of effector and reporter DNA was used. GUS activity was normalized in every independent transformation relative to the same number of the luciferase activity units (Lanahan et al., 1992) . The lines indicate GUS activities ± SE after 24 h of incubation of the bombarded aleurone cells with (+) or without (-) 1µM GA. Data are means ± SE of four replicates. 
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